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ABS Iimu~r

/' 'fIime r es olved Ramon i Ii gl I 5caL Ir i ig de termil i no ils of temperV-
-a ture have been made in crystLalIinie si]icon where i I is found

~ that the lattice temperature is far below melting even for

-laser power densities of '\' . J/cm2 at 485 nni. InI ton-impi-int-

o~t~ ation-amorphized silicon the pulsed laser Raman technique hais

____ identified substantial recrystallization as early ais 30 n'ec

after the peak of the heating pulse.

vC: Pulsed laser and eiec tron beam annealing of i on- imp I all at i orI-prodlIced________

damiage in fcm i(oniduc Ltrs is fast becom ing a V.11luable tool in scm iconl-
ductor processing. Laser annealed specimens have been thoroughly
s tmmdied with a great var iety of probes, (Kha ibulIIin 1978, and Brown 0O
1980) usualliy hours, to days a fter the pulsed anealI anld the results I bl,.

iused to construct scenairios of tle pulsed anneal process itself. flow-(JV
ever, thiere is a di tiiict lack of direct data on conditions prevailing' LJ* c
in time semiconduc tor (itir ili) tihe anneal process. The not alb le exception 4J a.

is tihe use of time-resolved ref lectiLvity by Allstoni, e't al (1978) andW
subsequently by se'veral ohrrus.We have recenoy (lemions trated

that Rama ml scatter ilf og can he uised Wj I n1anosecond Li me resolunt ion to J t
probe the temperature oif Laser-lca ted crystalli ne s ili conl. Ve review
hfere the results of tlwose tempera Lure measuremients ;Jlld in ;iddi tioll
present Ramanm results obtained from ion-implanted silicon.

2. 'Theory

Tile temperature measurements were obtained from the rat1io of Stokes to
anti-Stokes scamtterig fron the 520 rm 1r 2 !,+ plomnOl Rom1anl line in
crystalline silicon. Thme ratio of Stokes to anti-Stokes counlLing rates
is given by
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where wuL9 W5 , WAS a nd 0 are the laser, Stokes, anti-Stokes and phonlon

frequencnies respectively. a (w 1 ) a Ind a' (wWAS) are the Stokes and

ant-StkesRaman scattering cross sections and the term (oxp(-io, /kT)

W fol lows di recti~y from thle ratio [n(w + 11/1100 )Where 11(w )il; the
.jn phionon occupa tion p robab ili ty at the (11 tt ice tcmpt' ra tu re T. Fo r Ramni

scattering wi tih laser f ruqueIC I VS above the b~and ga,-p in semi coniduc tors
it -iS. esaeat, La I t o intc. iude the f requency (lependence of the cross

scions ti and uo 011(1 ruthermore to correct for time reduced scatter in .m

Volum~e lime to - t mug abltsorptIion of thme laser and scat tered beams . h&
correctionls are knowni or cami be measured and are dizccimssed more fully
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byo (u (1980) It itdd itL ionl Lice itern; i I y r a tios Ihave been. G;rr CCL td
for differences ini spectromleter and detector efficiency ;lL Lice Stokes
and ailti-Stokes frequencies.

3. Experimental

3.1 Apparatus

Trhe data onl crvstal inie s ilicon were Ohtai ied wi th a SpeX 1401 double
spectrometer and an I TT IN 1130 phw tomul Lil I lie r used i n a ga tecd pho tonI
counting miode. Sinice the crystal line sil icon was observed to daman~ge

aftLer repeated (121l)plIses at focussed~ energy dens it ies near
1 J/cm2 , ai low speed sycironotis motor (4 111m) was used to retate thO
sample. The motor was, occas ionally tratiqlatedJ so t-hat. the plsed beam

'I swept out a pattern roughly like a necedle on a phonograph record. j
The ion-imnp Ian t(d s ili con samples were obta i ned f romt Sp ire Corpora Li on
imip an ted wl th 200 ke%' arsenic to a close of 101/,-m2 . h1is (lose ;

suficint.to amorch i xc a layer rouoghly 15 mn Lh . Fo ts dt

an XYscanning StaiIe was iistil to rastevr scani the sariple -o that e-ach

tl3 optr a;uu o oi-rltedsa pa.e rn an'! a tLo cottrol,
la PARC OMA-2 v idico w itih a 1254 5 IT detector head, wh ich was; used for

i da ta acq u is it-ion. Thiis mutlti c hanl. detector replIac ed t phot emi I ti-
pier at the output oif the Spox 11401. 'I'ho( OMA-2 was tooled lo dry ice
temperatLure anid s igna,1 I s typiCally intlegrateod for 10 rmint-s. IDcc i ic4
readout 10 adjaccnt chcucnne Is were iltfCt -rell ted bcIore cli g jti xl ig a icd 1.11C1i
sent. to the computer I or strg andi backrc( c ntr'I'i
effective detector rc':;o ct ion was thcerefore 250 iuri; lo:e.'rthe imate

sieof --700 lin at. the tlrance slit was tice r, lI it tjecl- I il i t I]-
'factor. To redluce st ray, I i ghi t he init ermediat sit LVSLWau Lv.. 1 i Y
operated at 1000 licr.

3.2 'lite Heat/Probe Technique

Lattice temperatures may in principl be oh taind frm t he'Rxa

ever , ic tis case thle S tokes-ant i-St-okes ratios wouild ;iverag'; ever I
ste redsingh atof the icra ting ouraicca ie hetng Impl,;e. ill I t 1k--
spthel variations in t-he power cleisi tv wouild Ibe ref je{ tre ii :zpiti i

temperature variat-ions so that the fringes- of the beam w~o;c i l '~:i)l
sample a ncicii lower I at tice Ltempefrature thauc the lie.imu ccll Cr. Fl ia.1 IlV.
tlhe exponntial at tt.'ulii o111if lasei(r ilniL y int ithIe civst a wotild
produce a sltroig te'clperaire fgradient that woucld he re-f ICLtd it) tice

ancan signalI . To m iii ze thiese thire averaging effects we chotse In
Iuse a two-beam roof igcitra tion wit tic u n tnes ic 1 he,~ i:'ti and a weak.
dIelay ed Probe beiml. III addi tIin thle ))robe was focussed to ;I dliam~ce ter
at hialf Power p1ints aipproximately 1/3 to 1/2 thaI uof the hleat ing bea.m

ici was typical ly 2100 linc. Spot noet 1 ;p was relpeatedly c'lu'cked wi th a
c50 lim pinhole pl aced ;ct. Lill exact poe ition of tHice !ilIicon s.impleI. 'Ilie
V,-se of a probe Ieacuc al 1 '; a 1 lowerCi 11s tO NeUc aUL. shorteor warve I engi It (

~. ~Sc m) whI iJ iLS more- s ron1 ; Iy absorbed in cr-vgtaiiic silicon
(a b x Lit' em I) t hain the iceai Iiig l aser wavel1eng tc ( 485 nuin) who vrq

1 i2 x 0c-. A Moiectroc IJV-I000 pulsed iirogun laser was, used



the two dye lasers. Maximum power for the
heating pulse was obtained from a broad-band dye laser (AX 10 nm)
with no dispersive element in the cavity while the probe pulse was
obtained from a Molectron DL-200 dye laser. A confocal spherical-
mirror optical delay line was used to obtain the variable delays for
the probe pulse.

4. Temperature Measurements in Crystalline Silicon

The lattice temperature rise In crystalline silicon as a function of
- heating laser power density is shown in Fig. 1. The first point was

taken with the heating beam blocked; it indicates the presence of some
-* heating due to the probe pulse. However, the need to focus the probe

to 1%50 Om made data acquisition at lower probe power densities very
difficult. Note that the average probe power at the 1.5 pulse-per-
second repetition rate was typically 60 microwatts. To check for non-
linear effects due to heating from the probe beam, data were obtained
!at a probe power density of 0.2 J/cm2 in addition to the 0.06 J/cm2

Ishown in Fig. 1. Tfhe results indicated v80°C greater lattice heating
* 'from the probe but otherwise were qualitatively similar to the results

shown in Fig. I. The power densities indicated in Fig. I represent
the power density at the center of the heating beam. They were
obtained with a 50 ijm pinhole positioned at the center of each
ifocussed spot and average power was determined by a Scientech disk
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Figure 1. Temperature rise of crystalline silicon measured

. aliter,,a 7.nsec heating pulse. Inset shows shiap,' of

heat pulse (dotted line) and the reflectivity rise at b33 inm

(solid line).
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cjalorimeter.... The probe spot (50 pm at half power points) was centered
in the 90 pm diameter spot of the heaLing beam. Pulse-to-puIse f bc-
Ituation of the intensities were < 5%. The lattice temperature rise of
only 300 C for power densities of ,i J/cm 2 indicates clearly that the
silicon lattice is far from melting. However this data was obtained
for a 10 nsec delay when our reflectivity measurement (see the inset
of Fig. 1) showed the sample to be in the high reflectivity phase
usually associated with melting. We believe therefore that the Ranan

-data show unequivocally that this high reflectivity period is not due
!to a metallic transition associated with melting. If, in fact, the
reflectivity jump indicated melting, then a dramatic drop in Raman
signal should be observed at power levels sufficient to produce the
reflectivity enhancement. (Molten silicon has no similar Raman line.)l

An important feature of Raman measurements of temperature is that in
Ithe presence of temperature inhomoieneities the method contains a

etnatural bias towards the higher temperature regions. For example, in0
silicon at 300 C the phonon occupation factor is n=[exp(hl) /kT)- 11
= 0.37. Thus the Stokes signal (proportional to n + 1) increases
rather slowly with temperature but the anti-Stokes signal (proportional
to n) increases rapidly with temperature in this range. The result fo
an integrated signal is weighted toward the high temperature regions.

5. Raman Signature of Recrystallization in Amorphized Silicon

The only evidence to date of the time scale on which recrystallization
occurs after pulsed laser irradiation has been the fall of the reflec-
tivity enhancement with the accompanying assumption that the high re-
flectivity is due to molten silicon. As discussed above, the Raman
evidence shows this assumpton to be incorrect. Raman scattering, how-
iever, allows one to time-resolve the recrystallization. The key to
!the success of the Raman measurement is the fact that amorphous silicon
has no sharp Raman features and compared with the 520 cm- 1 mode of
crystalline material, n-silicon appears nearly Raman silent.

iThe onset of recrystallization in the ion-implanted am,,phized silicon
samples was studied using a variety of time delays with the 2.55 meter
,optical delay line. Figure 2 displays Raman signals obtained at probe:
delays of 28 nsec, 59 nsec, 2.12 nsec, and one spectrum taken with the
;heat beam off. The heating and probe power densities were 0.56 J/cm2

land 0.11 ./cm2 respectively, averaged over the central 50 pm. One
'clearly sees the growth of the Raman signal is very rapid. The crys-
talline signal is essentially full size at 59 nsec and a sizeable
!signal occurs at 28 nsec. For comparison we display in the inset the
shape of the reflectivity rise observed in this material with a 514.5
mm beam focussed to '-40 pm diameter at the center of the pulsed beams.
jConparlson with the trace of the two pulsed beams at 28 nsec delay
ishows that for some of the duration of the probe pulse the sample is in

,an enhanced reflectivity state.

ro determine whother a Raman si gnal was in fact observable during the

'peak ,of, ,he'high reflecl. viLy phase, we repeated the 28 OsUc measure-
nent using a powo r d, lo; Lv (If .81 ./cm 2  for the heatling pulse. '11 is
produced a high ref .ct ivity phaase lasting a full 50 nsec followed by



;a ' 2 .nsec. tail. The Raman signal was clearly present at a level of
n500 counts in 5 minutes. These results further confirm that the re-

flectivity rise is not due to lattice melting sLnce a molten phase has
no well defined 520 cm-1 lattice mode.
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Figure 2. Stokes Raman spectrum of laser-annealed ion-implanted
silicon obtained for various delays of the 406.5 run probe. pulse.
For clarity successive traces are displaced vertically by 500
counts. The lowest trace was taken with the probe pulse only.
Insets show 514 nm reflectivity and pulse timing at 28 nsec
delay. Instrumental resolution of 3 channels is indicated;
frequency shift calibration is 8 cm-/channel.

6. Discussion

We believe that a plausible explanation of the enhanced reflectivitv
phase is that it results from a high density electron-hole plasma in
the solid state. It should be recalled that the light absorption
mechanism at 488 nm in silicon is the creation of energetic electron-
hole pairs. Normally, i.e. at low densities, electron-phonon and hole-

phonon. scattering, rates are very rapid - of the order of 1012 sou- 1 so
that most of the excess carrier energy should be transferred to the



":I . fl ill .tiflTP.; of. thle order o if i aw;ccouids. ilowevur, if one ir;crt1w,'v
for tec purpose of argumwent , liL Lie carrier recombi na Lion and 1i ttL
carrier di f fusion duri ng the heating laser pulse, then the 1,85 mi
heat ing pulse w i Lt generate an electron-hole pair dells i Lv of 1 7 Y102 2 /cm 3 near the surface. Thi j; is con, iderab I y above tOw conduct ion

band carrier deos i ty req it ired to produce a me La Ii c-Ji ke reF I'ct ivi ty
at 514 om in sil icon. It is therefore crucial to underqtand the
mechanisms by which carrier relax.ition may be slowed under high density
conditions. Van Vechten (1979, 1980a, 1980b) aind Yoffa (11980) hive
already pointed out some interaction'; which may be impor tat. We
believe such processes must be explored further.

" Supported by ONR Contract N00014-80-C-0419

References

I. AusLton ) 1i, Surko C M, Venkritc,,ian T N C, S[u ;sher R E and
Golovchenko .1 A 1978 Appi. Phys. Lett. 33 437

2. Brown W I. 1980 in Laser and E lectron Beam Procevssing (,f Matcrials
edited by C W Wite and P S Peercy Academic Press p. 20

!3. Khaibull.[n f B,' Slhtyrkov E 1, Zaripov M 1., B.nyazitov R rl alld

f ] Galjautdiniov M F t9378 Radiation Effects 30_ 225

14.!h Lo It W anid Cvmj1;\xl A 1913 ivys. Rucv. 1,ukt. 1#4 160D4

'5. Vail Vuchten ,J A, "Imu R, Saris F W and Ilo01nhout 1) 1.979 l'hjyS. IL tt.

a 74A 417

Van V(cht en A 19S). .1. Phys. (Paris) 41 C/#-15
Van Vechten J A and WauteLet M 1980b tis conference, paper F-3

6. Yoffa E J 1980 Phys. Rev. B 21 2415


